The rapid spread of zika virus (ZIKV) and its association with microcephaly and Guillain-Barre syndrome have raised major concerns worldwide. Studies have shown that ZIKV can survive in harsh conditions, e.g. high fever; in sharp contrast to the dengue virus (DENV) of same Flaviviridae family. In spite of recent cryo-EM structures that showed similar architecture of the ZIKV and DENV envelopes, little is known of what makes ZIKV envelope so robust and unique. Here, we present a detailed analysis of the constituent raft-raft and protein-protein interactions on ZIKV and DENV envelopes to undermine their differential stability at near-atomic to atomic level using coarse-grained (CG) and all-atom (AA) molecular dynamics simulations.
INTRODUCTION
The recent spread of zika virus (ZIKV) and its association with microcephaly and Guillain-Barre syndrome have raised major concerns worldwide. Since its recent report in 2015 from Brazil, the virus has affected more than a million individuals across the world. envelope (5, 6 ) is very similar to that of the other flaviviruses of known structure, such as the dengue virus (DENV). (7) The viral envelope comprises of 180 copies of E and M proteins that arrange in an icosahedral geometry. While the surface-exposed E proteins are crucial in receptor binding and fusion, the hidden M proteins primarily anchor into the lipid membrane covering the viral RNA. The E protein consists of 504 amino acids, with the N-terminal 403 residues forming the ectodomain that folds mainly in β-sheets. Two of these E proteins assemble in the form of head-to-tail homodimers, with three such homodimers lying parallel to each other to form a flatboat like surface known as raft (Fig. 1 ). There are 30 such rafts which constitute the whole viral envelope. Also, each E protein is comprised of three domains: DI, DII, and DIII with domain DI bridging between domains DII and DIII (Fig. 1C) . The intersection of five rafts at the periphery of five DIII domains constitutes a 5-fold vertex, while the intersection of three rafts at the periphery of three DI domain constitutes a 3-fold vertex on the virus envelope surface (5) (Figs. 1A, 1B ). There are twelve 5-fold and twenty such 3-fold vertices on the ZIKV/DENV envelope.
Although the cryo-EM studies have revealed similar envelope structures of zika and other flaviviruses,(6) the more recent reports based on various biological assays have suggested that only ZIKV can sustain the harsh conditions of saliva, urine, semen etc. (8) . Even more interestingly, unlike other flaviviruses, ZIKV showed very little sensitivity to high temperatures. For example, when exposed to a temperature of (6) shown that the incubated ZIKA samples at 37 o C, and even at 40 o C (temperature mimicking high fever), displayed smooth surfaced particles in the electron microscopy maps, while the dengue particles were broken and shrivelled at both these temperatures. In consistence with this finding, plaque assay shows little change in infectivity of ZIKV, whereas the infectivity of DENV was greatly affected with increasing temperature. (6) The structural basis of this unusual stability of ZIKV over DENV is unknown. In this study, we attempt to understand the underlying mechanism of the differential stability of ZIKV and DENV2 at varying temperatures.
Even though the cryo-EM studies have provided important information about the structures of different flavivirus envelopes, the atomistic details pertaining to their differential stability is yet to be known. Here, we employ coarse-grained (CG) and allatom molecular dynamics (MD) simulations to explore both the long and short time and length scale phenomena occurring on the virus envelopes, since the envelope constitutes the first level of protection to the viral RNA and reported to be majorly responsible for viral stability. The state-of-the-art computational techniques employed here can not only explore the mechanism of virus envelope breaking, but also can capture atomic-level contacts and interactions at protein-protein interfaces that are difficult to trace experimentally. Our results show that at temperatures mimicking high fever, the envelope of ZIKV was intact while the DENV2 envelope disintegrated through the raft-raft interfaces, triggered by the formation of holes at 5-and 3-fold vertices. Stronger energetics at raft-raft interfaces showed the presence of multiple polar and H-bonding interactions in ZIKV compared to DENV2. Finally, we identified a set of key ZIKV residues that play crucial role in its stability, which upon mutation destabilized the virus envelope.
Our study provides useful insights to specifically target the ZIKA virus envelope for designing novel antiviral therapeutics.
RESULTS AND DISCUSSION
To start with, we performed CG simulations of hollow and water-filled envelopes of both ZIKV and DENV2 at 29°C and 40°C (Table S1 ). Subsequently, more sophisticated all-atom MD simulations were executed. Results show an unprecedentedly large number of polar and H-bonding interactions across the ZIKV raft-raft interfaces, which were absent in DENV2. Mutations of these interfacial residues destabilized the ZIKV envelope significantly. The detailed results are presented in the following sections.
Stable ZIKV envelope at 40°C
The multi-microsecond long CG simulations reproduced the cryo-EM results by
showing greater thermal stability of the zika virus over the dengue. At ambient temperature of 29°C, both the virus envelopes were stable. However as the temperature was increased to 40°C, the ZIKV envelope was intact while DENV2 To confirm the above finding of compact versus loosely-packed envelope of ZIKA versus DENV, we also examined the time variation of raft-raft angles. The raft-raft angle was calculated by defining two vectors -Â and Ĉ that respectively connect the center of mass (COM) of the envelope to the COM of the most stable raft (i.e., the raft with the least RMSD, termed as "base raft") and the COM of the envelope to the COM of any other raft (Fig. 2C) . The angle between the two vectors, q was then computed as follows:
The time evolution of the inter-raft angles at 29°C for both ZIKA and DENV2 (Fig. 2G) , the latter switched from 108 0 to 115 0 (Fig. 2I) . Such an out of phase displacement of two neighboring rafts could implicate a plausible breaking of the DENV envelope. We will elaborate on this in next sections. The superposed 3D
representations of the rafts in Figs. 2G and 2I also suggest that while the first DENV raft shows only a change in orientation, the latter shows a breaking at the dimer-dimer interface in the raft. Astonishingly, in spite of such an array of large changes in DENV, at this high temperature all ZIKA rafts remained extremely stable and exhibited minimal variations from the cryo-EM structure (Figs. 2F, 2H).
Broken DENV envelope at 40°C
It was evident from the RMSD and inter-raft angle calculations that the arrangements of E proteins on ZIKV envelope was very tight, while the assembly in DENV envelope was weak. The weak inter-raft interactions could not sustain the high temperature and thus the DENV envelope disarrayed. Fig. 3 shows the mechanism of breaking of DENV envelope at 40 0 C. It's noteworthy that while the DENV particle broke within 50 ns of simulation time, ZIKA remained completely intact at this high temperature even after a much longer simulation time of 4µs. Fig. 3 is produced from the angle of a 5-fold vertex that initiated the breaking of DENV envelope, as traced from our MD simulation trajectory (see Movies S1, S2). As Fig. 3 and Movies S1-S2
show, the ZIKA envelope maintained its compactness (Figs. 3A-B), while DENV enlarged through the protrusion of one of its 5-fold vertices (Figs. 3C-F). To start with, this DENV vertex was as closed as ZIKA ( Fig. 3A-C) . However, as the simulation progressed, the DENV raft-raft interactions at the 5-fold vertex weakened and a hole is produced ( Fig. 3D) . At around 15ns, the interactions became weaker and the hole enlarged ( Fig. 3E ). At 30 ns, the neighbouring 3-fold vertices also protruded out and the DENV envelope lost its icosahedral symmetry (Fig. 3F) . Notably, apart from the increased raft-raft separations, some of the rafts exhibited dimer-dimer breaking as discussed in Fig. 2I and shown in Fig. 3F . For the rest of the 1µs simulation, the structure remained similarly or more broken confirming the instability of DENV virus at high temperatures.
Our mechanism matches very well with that of Fibriansah et al., who explored structural changes in dengue virus through cryo-electron microscopy at 37 0 C. (9) In agreement with different class of DENV2 particles defined by these authors, time evolution of the envelope breaking in our MD simulation captured all class I -III DENV particles (Fig. 4) . As the time evolution of DENV envelope radius shows ( Fig.   4B ), our starting structure mimicked the class I particle with a radius of about 240 Å.
As the simulation progressed, the envelope gradually enlarged to 250 Å corresponding to class II and further to 260 -280 Å, resembling the class III DENV Along the similar lines of RMSD and inter-raft angles, the size and compactness of ZIKA envelope remained almost unchanged during the whole simulation period. As shown in Fig. 4A , both the radius and R g of water-filled ZIKA envelope at 40 0 C remained very close to the native values. However, the stability of this envelope was best described by quantifying the perimeters of its 5-and 3-fold vertices. As shown in conclude that the instability of dengue particles at high temperatures is initiated by the breaking of 5-fold vertices on its envelope structure, which subsequently triggers the disintegration of 3-fold and other inter-and intra-raft regions.
To strengthen the above findings, we performed new sets of CG simulations of waterfilled ZIKV and DENV envelope both at 29 0 C and 40 0 C (Table S1 ). In these simulations, a different set of initial velocities of the constituent atoms were chosen randomly from a Maxwell-Boltzmann distribution. Results from these replica simulations also revealed a temperature-insensitive ZIKV versus temperaturesensitive DENV envelope structure (Fig. S3 ). More importantly, these simulations also displayed a similar mechanism of DENV breaking through the 5-fold vertices that subsequently extends to 3-fold vertices and other regions through the weakening of inter-and intra-raft contacts.
From the above discussion it is evident that ZIKV envelope retains its structural integrity, while the DENV2 envelope breaks at high temperature. Although the CG simulations provided sufficient clue for this differential behaviour of the two homologous virus envelopes, the atomic-level details could not be obtained due to the low-resolution trajectories from CG simulations. Hence in the second half of the work, we employed united atom (UA) simulations to compare the ZIKV and DENV envelopes at finer details (Table S1 ). In the UA simulations, except for the non-polar hydrogens, each other atoms of the virus envelopes were described explicitly. The non-polar hydrogens were embedded with the heavy atoms to which they were bonded. Similar to the CG simulations, the UA simulations were also initiated from the cryo-EM structures of ZIKV and DENV.
Compact and smooth surfaced ZIKA versus loose and rough surfaced DENV envelope
We carried out 20 ns long UA simulation for each of the ZIKA and DENV envelope at 40 0 C. It is worth mentioning here that simulating these large systems of more than 12 million atoms requires extensive computational time, and the runtime for 1 ns simulation in our available resource of 256 cores Intel Xeon E5-2650 processors varied from 48 -52 hrs. Hence, simulating these systems for more than 20 ns was difficult. Nevertheless, as shown below, this time length was sufficient to extract new insights, since the results converged to EM and CG simulation findings. These atomic-level information, which were difficult to extract experimentally, could broaden our understanding of the flavivirus family and also can accelerate the structure-based drug designing processes aiming ZIKA and DENV therapeutics.
To start with, we examined the stability of the 5-fold vertices in each system as it was the pivot of DENV envelope breaking. Similar to the cryo-EM and CG simulation results, ZIKV displayed a compact structure while the DENV envelope exhibited It is also worth mentioning here that, similar to the CG simulations data, UA simulations also suggested that 5-fold vertices nucleate the DENV envelope breaking, as exemplified by its faster increase in perimeters than the 3-fold vertex perimeters ( constituting the envelope (Fig. S5 ). In the subsequent discussion, therefore, we offer a special emphasis on the changes experienced by this representative vertex and its constituent rafts.
Stronger inter-and intra-raft contacts in ZIKV We also looked into the intra-raft association by calculating the inter-dimer AC'-BB', BB'-CA' and intra-dimer A-C', B-B', C-A' interaction energies (see Fig. 6D inset for the protein molecule nomenclature). Results in Fig. 6E suggest that intra-raft interactions -both inter-dimer and intra-dimer -are not too different in ZIKA and association is the strongest among all the protein-protein interactions present, in both ZIKA and DENV. These results are consistent with above CG simulation results
showing the breaking of DENV particle through the raft-raft interfaces and the experimental report showing that E proteins exist as dimers in solution.(9) Overall, our results suggest that ZIKV has stronger intra-and inter-raft interactions that make this virus envelope stronger than the DENV.
Electrostatics and H-bonding interactions impart greater ZIKV inter-raft stability
From the above results it is evident that DENV envelope is more susceptible to break at high temperature through its inter-raft interfaces. To find the constituent E protein residues that were responsible for such differential inter-raft stability of ZIKA versus DENV, we looked into the residue-level energy contribution at the inter-raft interfaces of both the envelopes. As can be noted from Fig. 6D inset, the stability of A-A' interface is primarily contributed by the interactions of domain DIII residues of A molecule with the domain DI residues of A' molecule of the second raft (see Fig. 1C for domain names). Similarly, at B-A' interface, it is the interaction of DIII domain residues of B molecule with the DII domain residues of A' molecule of the second raft that were responsible for the stability. The C-C interface which is inferred to play a key role in the stability of the envelope involves the interactions of DIII domain residues of C molecules from the adjacent rafts.
Figures 7A-C show the residue-level energy contributions at the three inter-raft regions -A-A', B-A', and C-C in both ZIKA and DENV with the domain-wise sequence alignments of two viral E proteins depicted in the insets. Results are shown for the residue-pairs that contributed ≥ -1 kcal/mol to the total energy of the respective inter-raft interfaces. As Fig. 7A shows, at the inter-raft region A-A', nearly equal number of residue pairs contribute to the total energy in ZIKV and DENV. However, while majority of these residue pairs were involved in electrostatic and H-bonding interactions in ZIKA, they involve in hydrophobic or weakly electrostatic interactions in DENV. For example, the residue pairs Thr353 r1 -Glu133 r2 , Lys395 r1 -Asn134 r2 , Gln344 r1 -Asn172 r2 from two neighbouring rafts, r1 and r2 in ZIKA showed > -3 kcal/mol energy contribution, in contrast to the very little contribution of the corresponding residue pairs in DENV. (Fig. S6A) . On the contrary, no H-bond existed more than In consistence with the large inter-raft energy difference at B-A' interface (see Fig.   6D ), the number of ZIKA residue pairs contributing to this interface energy is found to be significantly larger than DENV as shown in Figure 7B . Among these, the residue pairs Lys340 r1 -Asp87 r2 , Thr353 r1 -Glu79 r2 , and Lys395 r1 -Asp83 r2 in ZIKV showed large contribution, in contrary to the negligible interaction exhibited by the corresponding residue pairs Lys334 r1 -Asp87 r2 , His346 r1 -Glu79 r2 , and Glu386 r1 -Asn83 r2 in DENV. While the sidechain-sidechain H-bond between Thr353 r1 and Glu79 r2 was very stable and persistent in ZIKV (see Fig. S6b for % H-bond persistence), the substituted His346 r1 in DENV showed negligible interaction with Glu79 r2 . Similarly, the polar Lys395 r1 -Asp83 r2 interaction in ZIKV was completely absent in DENV due to the sidechain-sidechain repulsion of substituted Glu386 r1 with Asn83 r2 . Nonetheless, a few favorable interactions were present between the DENV residue pairs Ser300 r1 -Glu84 r2 , Lys334 r1 -Glu84 r2 , Met301 r1 -Glu84 r2 etc. When compared with the EMdata, the H bonds formed by Ser298 r1 and Glu338 r1 respectively with Arg89 r2 and Gln86 r2 in DENV cryo-EM structure were retained only for 10% of simulation time (indicated by # in Fig. S6B, 7B ). On the other hand, the cryo-EM structure H-bonds for ZIKA residue pairs Leu352 and Glu79, Thr353 and Glu79, Gly392 and Asp83 persisted >50% of the simulation time (Fig. S6B ).
At C-C interface of ZIKA, the inter-raft stability was facilitated majorly by the residue pairs Glu393 r1 -Lys395 r2 and Lys394 r1 -Glu393 r2 (Fig. 7C) . These residues involve in strong electrostatic interactions and contribute significantly toward the total inter-raft stabilization energy. In DENV, this sequence of charged residues EKK is substituted by PGQ, which fails to stabilize the 5-fold vertex efficiently, making it susceptible to temperature. Apart from these strong electrostatic interactions, the C-C interface in ZIKV is also stabilized by multiple H-bond interactions, in contrast to the weak van der Waals interactions in DENV. H-bond analysis at this interface shows persistent hydrogen bonds in ZIKV that match favorably well with the EM structure data. For example, H bonds found between Asn371 r1 and Ser304 r2 , Thr313 r1 and Ser304 r2 in ZIKV cryo-EM structure were persistent for >60% of the simulation time (indicated by * in Fig. S6C ). The cryo-EM H-bond between Val308 r1 and Ser298 r2 in DENV was also stable during the simulations. Interestingly, a recent structural study had proposed potential H-bond between Gln350 r1 and Thr351 r2 in CD-loops of the neighboring rafts as a potential contributor in ZIKA 5-fold vertex stability. (6) However, our data revealed <2% persistence of this H-bond during the entire simulation period. In fact, our result matches very well with a more recent mutagenesis study, which showed that alanine mutation at these residues Gln350 and Thr351 individually or in combination has no effect on ZIKA stability. Instead, our data suggests that the stability of ZIKV 5-fold vertex primarily stems from H-bonding interactions between the DE-loops (through residues Asn371 and Ser304) and electrostatic interactions between the FG-loops (due to EKK residue sequence).
A protein structural network often helps visualizing the complex interactions in protein-protein conjugates in a more tractable representation. Hence, we generated the Table S2 and Fig. 7E . As Table S2 clearly shows, ZIKA E protein contained > 10% secondary structure (ß-strand + Helix) than DENV.
The E protein superimposed structures in 
Mutational studies revealed key residues responsible for greater ZIKA stability
From the above analyses, it became evident that strong association amongst key E protein residues at inter-raft interfaces was the primary reason for greater ZIKA stability. A more direct link of these residues on ZIKA envelope stability was further deciphered by performing computational mutagenesis studies, where the selected ZIKA residues were mutated to alanine. From the interaction energy data in Figure 7, we have identified the inter-raft residues Asp83, Asp87, Ser86, Glu133, Lys340, Gln344, Thr353, Glu393, Lys394, Lys395 for alanine mutations (Table S3 ). These identified residues were replaced with alanines and subsequently the whole virus envelope was subjected to thorough equilibration prior to 1µs long CG simulations, both at 29°C and 40°C. The visual inspection of the simulation trajectories revealed unstable envelope with destabilized vertices and inter-raft interfaces. We then performed RMSD and inter-raft angle analysis to capture the changes in detail. The RMSD plot in Fig. S7A clearly shows that a set of ZIKA rafts have undergone sharp increase in RMSD values within the first 100 ns of simulation run, indicating a loosened-up envelope even at 29°C. The inter-raft angle distributions also exhibited a disruption of the envelope by showing an asymmetric movements of the constituent rafts (Fig. S7B) .
To locate the most crucial E protein residues responsible for greater ZIKA envelope stability, we subsequently examined a new system by mutating residues, Glu393, Lys394 and Lys395 only. These three specific residues were picked from the above list of ten mutations, noting their largest contribution in ZIKA inter-raft interactions (Fig. 7) . The three residues were replaced by alanine and the whole virus envelope was simulated for 1µs using CG simulation protocol at 29°C. Interestingly, the ZIKV envelope displayed significantly weakened inter-raft interactions, as exemplified by the asymmetric angle distributions in Fig. S8 . The 3D representation of the changes captures the breaking of 5-fold vertices with the formation of large holes, as shown in Fig. 8 . This indicates that E protein residues Glu393, Lys394 and Lys395 at inter-raft interfaces play the most crucial role in ZIKV stability. As a validation of our mutagenesis results, we also simulated a control system by mutating residues Gln350
and Thr351 with alanines, following the experiment of Goo and co-workers.(21) This system was simulated both at 29°C and 40°C. Interestingly, our results show minimal effect of these mutations on ZIKA stability. The virus envelope remained intact at both temperatures, suggesting no significant H-bonding interaction between Gln350
and Thr351 in the parent system, as also was concluded by Goo and co-workers.
CONCLUSIONS
ZIKA virus has spread all across the world very rapidly. Although the cryo-EM studies have revealed similar envelope structures of ZIKA and other flaviviruses, the more recent reports have suggested that only ZIKV can withstand high fever. In this study, we attempt to understand the underlying mechanism of differential stability of ZIKV and DENV2 at high temperatures. Our results from CG simulations show that, at these temperatures, ZIKV envelope retains its structural integrity, while DENV2 disintegrate through the raft-raft interfaces triggered by the formation of holes at the ZIKA vertices was exceedingly robust that makes this envelope stable, even at high temperature. We found that the above-distinguished differences in two virus envelopes emerge, to some extent, from their intrinsic architecture of greater secondary structural content in ZIKV E protein than DENV. Our mutational results are validated by alanine mutations to the CD-loop residues Gln350 and Thr351 that showed no effect on ZIKA stability, in close accordance with a recent mutagenesis study. (21) Recently, a set of monoclonal antibodies against various flaviviruses, including ZIKV has been tested. (22) (23) (24) (25) 
Methods

System Preparation
Cryo-EM structures of ZIKV (PDBid: 5IRE) (5) and DENV envelopes (PDBid: 3J27)(7) at 3.8A and 3.6A resolution were obtained to prepare the initial conformations for simulations. The missing atoms and ZIKV E protein missing residues, 502:V-S-A:504 were incorporated using modeller 9v13 tool. (29) Similarly, the DENV M protein missing residues, 73:S-M-T:75 were included. The mutated ZIKV and DENV systems were also generated using modeller 9v13. The prepared systems were subjected to coarse-grained (CG) and united-atom (UA) simulations to explore their structural stability and inherent dynamics. The list of systems studied is shown in Table S1 .
Simulation details
Initially, we performed CG simulations of ZIKV and DENV envelopes to observe the large-scale conformational changes. We where four water molecules together is defined by a single bead. In the hollow systems, however, the water molecules inside the virus envelopes were removed.
Periodic boundary conditions were applied in all directions. Default protonation states were assigned to all amino acids assuming neutral pH and counter ions were added to neutralize the systems. Systems were energy minimized using steepest descent algorithm. Simulations were performed at two different temperatures 29°C and 40°C.
Pressure was maintained at 1 bar using Parrinello-Rahman barostat with isotropic pressure coupling. A cut-off of 1.2 nm was used for both electrostatic and van der Waals interactions. All the systems were extensively equilibrated upto 100ns by gradually reducing the positional restraints on backbone CG beads from 1000 kJ mol -1 nm -2 to 0 kJ mol -1 nm -2 . The equilibrated structures were then subjected to production run of 4µs for ZIKV and 1µs for DENV with a time step of 20fs. All simulations were performed using Gromacs 5.0.7 simulation software.
Subsequently, two systems at 40°C were subjected to UA simulations using GROMOS96 53A6 forcefield. (32) Initially, the systems were briefly minimized using steepest descent and conjugate gradient algorithms, followed by solvation with explicit water (SPC model) in cubic periodic box. The salt concentration of 0.15M was maintained. The solvated systems were then subjected to extensive energy minimization, followed by thorough equilibration in NPT ensemble to adjust the solvent density. A cut off of 1.0 nm for both van der Waals and electrostatic interactions and particle mesh Ewald sum with real space cut-off at 1.0 nm were used.
LINCS algorithm was used to constrain all bonds involving hydrogen atoms. The systems were equilibrated for 1 ns with a time step of 2 fs. Finally the production run was performed for 20 ns for each ZIKA and DENV system. We utilized gromacs trajectory analysis tools and in-house scripts to extract the informations from simulation data. Molecular mechanics generalized Born surface area (MMGBSA) method is used to calculate the inter-and intra-raft interaction energies, and subsequently residue-level decomposition was performed to obtain residue-residue interactions.(33)
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